Abstract-Recently the concept of combined power and cooling cycles using ammonia-water mixture as the working fluid has attracted much attention, since such systems may offer a reasonable arrangement of energy and exergy flow. In this work thermodynamic performance analysis of combined thermal power and cooling cogeneration cycle using ammonia-water mixture as the working fluid is carried out for efficient use of low-grade heat sources. The cycle is a combination of Rankine cycle and absorption refrigeration cycle, and is investigated parametrically for the purpose of extracting the maximum utilization from a given heat source. A special attention is paid to the effects of important system parameters including turbine inlet pressure, ammonia concentration, and absorber temperature on the performance characteristics of the cycle. Results show that thermodynamic performances of the system are sensitively influenced by system parameters.
I. INTRODUCTION
Binary mixtures exhibit variable boiling temperature during the boiling process, which make them more appropriate to finite heat sources. The temperature difference between the heat source and the working fluid remains small to allow for a good thermal match resulting in irreversibility during the heat addition process. The particular use of ammonia in the binary mixture with water possesses several merits other that the fact that the ammonia is a relatively inexpensive and environmentally safe substance. Ammonia and water have the similar molecular weights and thus, traditional design of steam turbines can be used in the ammonia-water power cycles only with minor modifications. Also, the boiling point of ammonia is substantially lower than that of water, which makes it practically useful to utilize the low-temperature waste heat in the power generation systems [1] - [3] . The energy converting systems using ammonia-water have been intensively investigated during past twenty years [4] - [18] . Combined power and refrigeration have been explored for improving the overall energy conversion efficiency and decreasing the cost of energy per unit capital expense [19] - [23] .
A combined thermal power and cooling cycle using ammonia-water as working fluid was proposed and is now called as Goswami cycle [24] . The proposed cycle combines a Rankine cycle and an absorption refrigeration cycle, and use very high concentration ammonia vapor in the turbine which can be expanded to a very low temperature in the turbine without condensation. Tamm et al. [25] investigate the proposed cycle both theoretically and experimentally and demonstrate the feasibility of the cycle. Vijayaraghavan and Goswami [26] investigate the propose cycle by optimizing the cycle configuration for maximum resource utilization efficiency (RUE) based on an exergy analysis. Martin and Goswami [27] show that for the combined cycle a compromise exists between cooling and work production, and nearly equal amounts of work are compromised for combined operation. Wang et al. [28] carry out parameter optimization by means of generic algorithm to reach the maximum exergy efficiency. Kim and Han [29] investigate effects of ammonia concentration on the thermodynamic performance of the power and cooling cogeneration cycle using ammonia-water mixture. Pouraghie et al. [30] carry out the thermodynamic performance optimization of the combined power/cooling cycle.
In this work a combined power and cooling cogeneration cycle using ammonia-water mixture as the working fluid, proposed by Goswami and coworkers, is considered for the efficient conversion of low-grade heat source. The thermodynamic performance of the cycle is investigated parametrically by varying important system parameters such as turbine inlet pressure, ammonia concentration, and absorber temperature.
II. SYSTEM ANALYSIS
The thermodynamic properties of ammonia-water mixture are computed using the method of Gibbs free energy which was first introduced by Xu and Goswami [31] . However, in this work, the equilibrium conditions are determined by equating the chemical potentials of each phase for each element [3] . 
The cycle is a cogeneration cycle which combines the Rankine cycle and the absorption cycle, and can produce both power and refrigeration simultaneously with a heat source. The schematic diagram of the system is shown in Fig. 1. An ammonia-water mixture leaves the absorber as a saturated solution at a basic ammonia mass concentration x b and temperature T L (state 1). It is pumped to a turbine inlet pressure which is the system high pressure, P H (state 2). It is then split into two streams of stream 2a and stream 2b. Stream 2a is preheated through the rectifier by the rejected heat in this device (state 13). Stream 2b recovers heat from the returning weak ammonia liquid solution in the recovery heat-exchanger before entering the boiler (state 14). As the boiler operation temperature T b lies between the bubble and dew point temperature of the mixture at the system pressure, the basic solution is partially boiled to produce a two-phase mixture of a liquid with relatively low concentration (state 10) and a vapor (state 4) with a high concentration of ammonia.
The two-phase-mixture is separated, and the low concentration liquid transfers heat to the high concentration stream before it is throttled to the system low pressure and sprayed into the absorber. The rectifier cools the saturated ammonia vapor (state 6) to condense out remaining water. Heat can be added in the super heater as the vapor (state 7) proceeds to the turbine. The turbine extracts energy from the high-pressure vapor as it is expanded to the system low pressure (state 8). The expanded vapor has still the potential for refrigeration due to the low boiling point of ammonia. The vapor is finally absorbed back into the liquid giving off heat (state 9) and rejoins the weak in the absorber, where with heat rejection the basic solution is regenerated. In this work it is assumed that pressure drop and heat loss of the systems are negligible and the minimum temperature difference between the hot and cold streams in the heat exchanger is operated at a prescribed pinch point, ∆T PP [29] . Then heat addition at boiler and super heater, q ab and q sh are obtained as 
where w t and w p denote turbine and pump work, respectively. Then total heat input, utilization of the system and thermal efficiency, q in , W tot and η th are obtained as follows. o C, isentropic efficiencies of pump and turbine, η p = 80% and η t = 85%, and basic ammonia mass concentration, x b = 55%. The system low pressure is determined from bubble point condition for the given temperature and ammonia concentration at state 1. In this work, the mass flow rate at pump is assume to be 1 kg/s, therefore heat transfers and works at various components such as q b , q sh , q in , q e , w net , and w tot denote quantities per unit mass of working fluid at pump.
For various ammonia concentrations, Fig. 2 shows effects of turbine inlet pressure on boiler heat addition, q b , and total heat addition, q in , which is sum of the boiler and superheater heat additions, namely q in = q b + q sh as is seen in Eq. (8) . For a fixed ammonia concentration, there are low and upper limits of turbine inlet pressure, since heat addition at superheater decreases to zero when the pressure increases to the upper limit, while cooling capacity or net work decreases to zero when the pressure decreases to the lower limit. Operation of the system for values of the turbine inlet pressure outside the limits would be inadequate, since the heat addition at superheater or cooling capacity would be negative for the values. For a fixed ammonia concentration, both the boiler and total heat additions decrease with increasing turbine inlet pressure, since heat of vaporization decreases with increasing turbine inlet pressure. For a fixed turbine inlet pressure, both the boiler and total heat additions increase with ammonia concentration. Fig. 3 illustrates that super-heater heat addition q sh decreases with increasing turbine inlet pressure for a given ammonia concentration superheater heat addition. However, as turbine inlet pressure increases, cooling capacity at absorber q e increases first and reaches a maximum value and International Journal of Materials, Mechanics and Manufacturing, Vol. 1, No. 1, February 2013 the decreases, so it has an optimal value with respect to turbine inlet pressure. For a fixed turbine inlet pressure, the superheater heat addition increases with turbine inlet pressure, but the cooling capacity has an optimum value with respect to turbine inlet pressure. Fig. 4 shows that for a given ammonia concentration, heat transfer at heat exchanger, q he decreases but heat transfer at rectifier, q rec increases as turbine inlet pressure increases. However, for a fixed turbine inlet pressure, heat transfer at heat exchanger increases but heat transfer at rectifier decreases as ammonia concentration increases. It can be seen also from the figure that heat transfer at heat exchanger is always greater than that at rectifier. Fig. 5 illustrates that for a given ammonia concentration, net work, w net decreases with increasing turbine inlet pressure, but total utilization, w tot may have an optimum value with respect to turbine inlet pressure. Here, total utilization work is defined as the sum of net work and cooling capacity. However, both the net work and total utilization work increase with ammonia concentration for a fixed turbine inlet pressure.
Thermal efficiency of the system is defined as the ratio of total utilization work to heat addition to the system. Fig. 6 shows that thermal efficiency has an optimum value with respect to both the turbine inlet pressure and ammonia concentration.
For a fixed value of ammonia concentration of 55%, Figs. 7-8 illustrate the effects of turbine inlet pressure and absorber temperature on the thermodynamic performance of the system. Fig. 7 shows that for a fixed turbine inlet pressure, both the net work and total utilization work increase with decreasing absorber temperature, since as the absorber temperature decreases, the corresponding evaporating pressure also decreases, which leads the pressure ratio of the turbine higher, therefore the turbine work increases consequently. It is worthy to note that lower limit of turbine inlet pressure for adequate operation decreases as the absorber temperature increases, which can be seen from the figure. Fig. 8 shows that thermal efficiency increases with decreasing absorber temperature, while it has on optimum value with respect to turbine inlet pressure. 
IV. CONCLUSIONS
In this paper the thermodynamic performance of the combined power and refrigeration cycle is studied for efficient use of low-grade heat sources, which combines the Rankine and absorption refrigeration cycle using ammonia-water mixture as the working fluid. Parametric analysis is carried out to investigate the effects of several system parameters on the system performance. Special attention is focused on the effects of the turbine inlet pressure and absorber temperature. Results show that there exist lower and upper limits of the turbine inlet pressure, since the heat input at the superheater decreases to zero as the pressure becomes too large, while the specific cooling decreases to zero as the pressure becomes too low. The lower limit decreases with increasing absorber temperature. Results also show that network decreases with increasing pressure, however, specific cooling capacity, total utilization work, and thermal efficiency has an optimum value with respect to the turbine inlet pressure.
